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Abstract 
 
Circumferential weld specifically in thin-walled structures is a common joint type in the fabrication of structural 

members in aerospace, aeronautical and pressure vessel industries. This type of weld joint suffers various types of 
weld-induced residual stress fields (hoop and axial) and deformation patterns (axial shrinkage, radial shrinkage). These 
imperfections have negative effects on fabrication accuracies and result in low strength welded structures that can lead 
to premature failures. To precisely capture the distortions and residual stresses, computational methodology based on 
three-dimensional finite element model for the simulation of gas tungsten arc welding in thin-walled cylinders is pre-
sented. Butt-weld geometry with single "V" for a 300 mm outer diameter cylinder of 3 mm thick is used. The complex 
phenomenon of arc welding is numerically solved by sequentially coupled transient, non-linear thermo-mechanical 
analysis. The accuracy of both the thermal and structural models is validated through experiments for temperature dis-
tribution, residual stresses and distortion. The simulated result shows close correlation with the experimental measure-
ments. 
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1. Introduction 

To produce high strength welded structures, arc 
welding is an effective and economic joining method 
attracting world welding community. Due to the non-
uniform expansion and contraction of the weld metal 
and surrounding base metal by heating and cooling 
cycles during welding, thermal stresses occurs in the 
weld and the adjacent areas. During the heating phase, 
the strains produced always induce plastic deforma-
tion of the metal. The stresses resulting from these 
strains combine and react to produce internal forces  

that cause a variety of welding distortions. The prob-
lem of reduced strength of the structures in and 
around the weld zone due to residual stresses and 
fitment/appearance issues due to poorly fabricated 
and distorted structures has been a major concern of 
the welding industry for decades. Circumferentially 
welded thin-walled cylinders are widely used in 
many engineering applications, including pressure 
vessels along with structures in aeronautical, aero-
space and nuclear industries. Therefore, precise pre-
diction of stress fields and distortion patterns (tran-
sient and residual) is of critical importance to ensure 
the in-service structural integrity of these welded 
structures. 

Computer simulation tools based on numerical 
methods are very useful to predict welding distortions 
and residual stresses at the early stage of product de-
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sign [1, 2] along with prediction of formation of weld 
defects and weldability [3]. 

However, the complex nature of the welding proc-
ess due to multi-field (thermal, mechanical, metal-
lurgy etc.) interactions and intricate geometries in real 
world applications has made the prediction of weld-
induced imperfections, a truly difficult and computa-
tionally intensive task. However, with the availability 
of 64 digit computers and refined FE tools, welding 
engineers around the world are more biased towards 
the computer simulations of complex welding phe-
nomenon instead of the conventional trial and error 
approach on the shop floor. A significant simulation 
and experimental work focusing on circumferential 
welding is available in the literature [4-11]. As the 
computer simulation of welding processes is highly 
computationally intensive and large computer storage 
and CPU time are required, most of the previous re-
search reduces computational power requirements by 
simplifying with assumptions such as rotational 
symmetry and lateral symmetry in numerical simula-
tions [5-8]. These assumptions reduces the computa-
tional demand at the cost of the accuracy of the results 
because the model was over simplified by limiting the 
solution domain to only a section of the whole do-
main with forced symmetry assumptions which did 
not prevails. Further, these simplified assumptions are 
not capable of capturing the considerable effects of 
weld start/stop and weld tack modeling. In this regard 
an experimental work by Jonsson and Josefson [12] 
and some three-dimensional finite element (FE) stud-
ies [10, 11, 13]; reported deviations from rotational 
symmetry, especially at the beginning and end of the 
welding cycle for circumferential joint in welding of 
pipes with lateral symmetry. Later, by using a full 
three-dimensional model for multi-pass welding of 
pipes, Fricke et al. [14] concluded that residual 
stresses are by no means axis-symmetric. 

In the present analysis, the temperature fields and 
consequently the weld-induced residual stress fields 
and distortion patterns are investigated by numerical 
simulations based on FEM modeling. To model the 
physics behind the gas tungsten arc welding (GTAW) 
process, a sequentially coupled, full 3D model is em-
ployed. Transient, non-linear thermal solution based 
on heat conduction, convective and radiative bound-
ary conditions is solved in the first part to obtain the 
nodal temperature history. The temperature fields are 
further utilized as thermal loads in subsequent elasto-
plastic structural analysis to obtain the transient and  
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Fig. 1. Thermo-mechanical properties of low carbon steel as a 
function of temperature used in the present study. 
 
residual stress fields and distortions. The temperature-
dependent thermo-physical properties such as con-
ductivity, specific heat and density, and temperature-
dependent thermal–structural properties including 
Young’s modulus, Poisson’s ratio, thermal expansion 
coefficient, yield strength and strain-hardening rate 
are used for thermal analysis and mechanical analysis, 
respectively. The metallurgical and mechanical con-
sequences of phase transformation have been consid-
ered in the numerical modeling of the welding proc-
ess. The properties for low carbon steel taken from 
[15] and shown in Fig. 1 are used in the analysis. The 
analysis is performed by using ANSYS®, a commer-
cial finite element code [16] enhanced with author-
written subroutines. Material properties except yield 
stress, which is slightly on the higher side, are utilized 
both for base and weld metals. 
 

2. FE analysis 
2.1 FE model 

For the circumferential welding of two cylinders 
with "V" groove, a full 3D FE model along with finite 
element statistics developed in ANSYS® is shown in 
Fig. 2. The element type in thermal analysis is 
SOLID70 (linear 8-node brick element with one de-
gree of freedom, i.e., temperature at each node) and in 
structural analysis is SOLID45 (linear 8-node brick 
element with three degrees of freedom at each node: 
translations in the nodal x, y, and z directions.). Fur-
ther details about the selected elements may be found 
in [17]. High temperature and flux gradients are an-
ticipated in and around the fusion zone (FZ) and heat 
affected zone (HAZ); therefore, a relatively fine mesh  

Legends :  BM = Base Metal WM = Weld Metal 
SH = Strain Hardening 
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Fig. 2. (a) 3D FE mesh based on sensitivity analysis. (b) “V” 
groove, tack weld and root opening in FE model. 

 
is used within a distance of 10 mm on both sides of 
the weld line (WL). Away from the HAZ the element 
size increases with an increase in the distance from 
WL. In the weld direction, the element size is kept 
constant equal to 1.96 mm. Within the anticipated 
HAZ dimension of 10 mm on each side of the WL in 
transverse direction, the element size of 1 mm is used. 

The element size away from the weld region in-
creases with the increase in distance. In the thickness 
direction there are total three elements, 1 mm each to 
facilitate for “V” groove modeling. Two tack welds 
on the start, i.e., 0º and middle, i.e., 180º of the weld 
are modeled, each of which is comprised of 4 ele-
ments (7.85 mm) in circumferential direction and 4 
and 2 elements (4 mm and 2 mm, respectively) in two 
layers in the thickness direction. The used mesh is 
based on a mesh sensitivity analysis performed for 
successive mesh refinements. A number of thermal 
analyses based on the number of elements as indi-
cated in Fig. 3 are conducted to see the corresponding 
effects of maximum temperature attained during the 
analysis. This maximum temperature attained is then 
considered as the basis for mesh refinement. As 
shown in Fig. 3, it is clear that no further increase in 
maximum temperature is achieved if the number of 
elements is increased beyond 54720. The mesh with 
number of elements indicated by the arrow in Fig. 3 is 
then considered for the analysis in order to get the 
mesh independent results. Tack lengths positions in 
the FE models are in accordance with the physical 
weld sample. Theoretically, two cylinders should be 
regarded as separate parts in the model setup, because 
they are independent until the moving heat source 
(welding torch) passes over and joins these together. 
Both the cylinders are modeled as a single model in 
FE modeling as the cylinders are tack welded to each 
other and mechanically restrained prior to welding. 
 

 
 
Fig. 3. Mesh sensitivity analysis based on maximum tempera-
ture attained. 

 
2.2 Thermal analysis technique 

A high non-uniform temperature field is generated 
during the welding process resulting in residual 
stresses in the welds. The transient temperature distri-
bution is a function of total heat applied and heat dis-
tribution patterns within the domain and is highly 
sensitive to weld-induced residual stresses. A detailed 
and accurate thermal analysis with appropriate bound-
ary conditions such as heat transfer by conduction, 
heat losses due to convection and radiation and heat 
input from the welding torch along with the effects of 
filler metal deposition, is of paramount importance 
for the determination of realistic temperature profiles. 
The governing equation for transient heat transfer 
analysis during welding process is given by Eq. (1). 

 

( , , , ) . ( , , , ) ( , , , )Tc x y z t q x y z t Q x y z t
t

ρ ∂ =∇ +
∂

  (1) 

 
where ρ is the density (kg m-3) of the material, c is the 
specific heat capacity (J kg-1 K-1), T is the current 
temperature, q is the vector of heat flux, Q is the rate 
of internal heat generation (W m-3), t is the time (s), 
∇ is the spatial gradient operator and x, y, z are the 
coordinates in the reference plane. The non-liner iso-
tropic Fourier heat flux constitutive equation given by 
Eq. (2) is employed. 
 

q k T=− ∇  (2) 
 
Where k (W m-1 K-1) is the temperature dependent 
thermal conductivity  

The most widely acceptable double ellipsoidal heat 
source model, presented by Goldak et al. [18] as 
shown in Fig. 4, is used to present the heat generated 
by the welding torch for the heat input distribution to 
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the welds. The very small variations due to curvature 
of the cylinders are not taken into account. The model 
gives the Gaussian distribution for circumferential 
welding and has excellent features of power and den-
sity distribution control in the weld pool and HAZ. 
The spatial heat distribution in a moving frame of 
reference can be calculated with the governing equa-
tions Eq. (3) and Eq. (4) [18]. 
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Where, Q = VI and ff + fr = 2 

af is the length of the front ellipsoidal (m) 
ar is the length of rear ellipsoidal (m) 
b is the width of heat source (m) 
c is the depth of heat source (m) 
ff is the fraction of heat in front ellipsoidal  
fr is the fraction of heat in rear ellipsoidal 
Q is the total heat input (watts) 
V is the welding voltage (volts) 
I is the welding current (amperes) 

 
The calculated volumetric heat flux densities are 

required to be assigned to specific elements around 
the welding areas in the FE model to simulate the 
welding torch movement with the specific welding 
speed. An author-written APDL subroutine is used to 
calculate the centroidal distance of elements from the 
moving arc center corresponding to the arc position at 
any instant by keeping the origin of the coordinate 
system located at the center of the moving arc. Based 
on the FE mesh generated by the ANSYS®, defini-
tions of the welding process parameters and charac-
teristics of the heat source transient heat fluxes repre-
senting the moving distributed heat source can be 

 

  
Fig. 4. Heat source model used in the present study. 

calculated on specific positions in welding areas. The 
heat source is assumed to move through volume, and 
calculated heat is applied to elements as volumetric 
heat generation so that the elements lying on the sur-
face can be used for modeling of surface heat convec-
tion which otherwise require laying of additional two 
dimensional surface elements for convection model-
ing. The numerical values for heat source parameters 
used in this paper are shown in Table 1 in conjunction 
with the welding process parameters shown in Table 
2. These parameters are calibrated through the ex-
perimental validations presented in section 3. 

A combined heat transfer coefficient for convection 
and radiation [19] is calculated and applied on all the 
exposed surfaces. The heat losses from the surfaces 
are modeled from the Eq. (5) and Eq. (6). 

 
convection radiationloss

q q q= +   (5) 
x ( - )total amblossq h A T T=   (6) 

 
Where, A is the surface area, T is current temperature, 
Tamb is the ambient temperature and htotal is combined 
convection and radiation coefficient, given by Eq. (7). 
 

2 2[ ( )( )]total amb ambh h T T T Tεσ= + + +   (7) 
 
Where, h is the thermal convection coefficient (8 
Wm-2 K in the present study), ε is the radiation em-
missivity, σ is the Stefan-Boltzmann constant (5.67 x 
10-8 W m-1 K4) on the surface of the steel under inves-
tigation in the present study, ε = 0.51 is used which is 

 
Table 1. Numerical values of heat source parameters. 
 

Parameter Value 

Length of front ellipsoidal, af (m) 0.005 

Length of rear ellipsoidal, ar (m) 0.015 

Width of heat source, b (m) 0.010 

Depth of heat source, c (m) 0.003 

Fraction of heat in front ellipsoidal, ff 1.25 

Fraction of heat in rear ellipsoidal, fr 0.75 

 
Table 2. Welding process parameters. 

 
Parameter Value 

Welding voltage [Volts] 12.5 

Welding current [Amperes] 200 

Welding process efficiency [%] 80 

Welding Speed [mm/s] 3 
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the average value for hot rolled steel plates. Tamb is 
taken as 300 K equal to the room temperature. The 
heating time along the weld path is about 314.16 s 
with a torch speed 3.0 mms-1 and the complete weld-
ing sequence is divided into 480 incremental equally 
spaced load/solution steps of 0.87 s. Stepped load 
option available in ANSYS® is used for effective 
application of thermal load during the load step. After 
extinguishing the arc an additional 47 load steps of 
different lengths are used for cooling of the weldment. 
The total cooling time to return to the ambient tem-
perature of 300 K is about 1500 s (25 min) from the 
start of the cooling phase. 

A relatively straightforward and easy to implement 
by utilizing the ANSYS® embed features of element 
birth and death, conventional quite element technique 
[20] is used in the present work. The whole FE model 
is generated in the start, however; all the elements 
representing filler metal are deactivated by assigning 
them very low conductivity. During the thermal 
analysis, all the nodes of deactivated elements (except 
those shared with the base metal) are also fixed at 
ambient temperature till the birth of the respective 
element. Deactivated elements are re-activated se-
quentially when they come under the influence of the 
heat source (welding torch). 

 
2.3 Structural analysis technique 

The temperature history of each node from the pre-
ceding thermal analysis are input as nodal body load 
in conjunction with temperature-dependent mechani-
cal properties and structural boundary conditions as 
shown in Fig. 5 in the sequel mechanical analysis. 

Thermo-elastic–plastic material formulation as 
shown by Eq. (8) [21] with von Mises yield criteria is 
employed with σ1, σ2, and σ3 being the three principal 
stresses, coupled to a kinematic hardening rule. 

 
2 2 2

1 2 2 3 3 1

1 [( ) ( ) ( ) ]
2vσ σ σ σ σ σ σ= − + − + −   (8) 

 
Same meshing parameters from thermal analysis to 

facilitate the nodal data mapping and elements with 
same topology to enhance the convergence during the 
structural analysis are used. The critical issue of ele-
ment birth and death from the thermal analysis is 
handled by an author-written subroutine. The sequen-
tial birth of an element takes place when the element 
reaches the solidification temperature. Melting and 
ambient temperatures are set as the temperatures at 

 
 
Fig. 5. Schematic representation of structural boundary condi-
tions employed (not to scale). 

 
which thermal strains are zero for thermal expansion 
coefficients of the filler and base metals. 

Additionally, to handle the excessive distortion is-
sues, initial strains in the elements are set to zero at 
the time of element reactivation. In structural analysis, 
the only boundary condition is the constraints applied 
to represent the clamping of the cylinders to be 
welded in welding positioners, i.e., all the nodes at the 
positioner end of the cylinders, on a Cartesian coordi-
nate axis, are constrained in axial direction. Addition-
ally, two nodes 180o apart at the positioner end are 
also constrained in axial, radial and circumferential 
directions for FE model stability. The other remote 
face of the cylinder is restraint free. During analysis 
(both thermal and structural), a ‘Full Newton–
Raphson’ iterative solution technique with a direct 
sparse matrix solver is used for obtaining the solution. 
During the thermal cycle, temperature, and conse-
quently temperature-dependent material properties, 
changes very rapidly; thus, a Full Newton–Raphson 
scheme, which uses a modified material properties 
table and reformulated stiffness matrix after equilib-
rium iterations, is believed to give more accurate re-
sults than other options such as Modified or Initial 
Newton–Raphson schemes. Line search option of the 
FE code ANSYS® is set to ON to improve conver-
gence. The use of a single point reduced integration 
scheme is implemented with hourglass control to 
facilitate convergence and to avoid excessive locking 
during structural analysis is implemented. 
 

3. Experimental verification  

The appropriate way to ensure the reliability of the 
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numerical simulations and to extend the utilization of 
the research work for shop floor applications is by 
conducting full-scale experiments with proper in-
strumentation for data measurement. For arc welding 
experiments, automatic welding setup with minimum 
human intervention and skill is considered as manda-
tory for the proper validation of numerical results due 
to the variations associated with the skill of the opera-
tors and rotary synchronization problems. Similarly, 
the careful data acquisition during the experiments is 
of critical importance and demands a proper data 
measurement and analysis system. In the present re-
search, to ensure the reliability of the FE models, 
GTAW experiments on two thin-walled cylinders 
with similar geometric and welding process parame-
ters from the finite element models are conducted. 
Low carbon steel equivalent to AH36 with chemical 
composition as shown in Table 3 having slight varia-
tions in chemical composition from the material 
model used in the simulation is utilized. Similar ap-
proximations were made in the past by [22] with 
comparable measured and predicted results. In addi-
tion to the FE parameters, argon with 99.999% purity 
was used as shielding gas with flow rate of 15 li-
ters/min. Commercially available high-tech, fully 
automatic SAF GTAW welding equipment along 
with rotary positioners and welding fixtures was used 
to reflect the desired structural boundary conditions. 
Single pass welding equipment along with rotary 
positioners and welding fixtures was used to reflect 
the desired structural boundary conditions. Single 
pass butt-weld geometry is used with single "V" 
groove having included angle of 90o and 2 mm root 
opening as shown in Fig. 6. 

The welding specimen consists of two 150 mm 
outer diameter and 3 mm wall thickness cylinders. 
Two tack welds starting from 0o (weld start position) 
equally spaced at 180o, each with length of ~ 8 mm 
were placed. These tack welds were also used to cre-
ate a root opening prior to welding by insertion of 
additional spacers of 2 mm at some appropriate loca- 

 
Table 3. Chemical composition of low carbon steel. 
 

% Chemical Composition 

C 0.130 V 0.056 

Cr 0.026 Cu 0.015 

Mn 1.418 S 0.007 

Si 0.012 P 0.023 

Si 0.346 Sn 0.002 

tions during tack welding. The spacers were removed 
after the tack welds were cooled to room temperature. 
To minimize the initial stress effects prior to welding 
due to tack welds, the areas in and around the tack 
welds were treated with post weld heating to 573K 
(300oC). Conventional gas torch heating with both 
infrared and touch probe thermocouples measurement 
was utilized. However, the stress data after the tack 
welds and after the post weld heating was not re-
corded and the effects are ignored. Further, as these 
cylinders were linearly seam welded after roll form-
ing of sheet metals, the effects of the linear seam weld 
was also not considered in this work. The furnace 
stress relieving prior to circumferential tack welds is a 
reasonable justification for not considering these ef-
fects. 
The nodal temperature distributions from the thermal 
analysis are used as a basic input for the sequel struc-
tural analysis. Therefore, experimental data correla-
tion for the FZ and HAZ dimensions or alternatively 
some nodal temperature verification for accurate pre-
dictions of subsequent stress fields and distortion 
patterns is a prerequisite. The latter technique by us-
ing the thermocouples and data acquisition system 
with computer interface is adopted for the thermal 
model validation in the present study. Thermocouples 
at four different locations were placed and tempera-
ture recorded through the data logger after every 10 
seconds of time interval for comparison with FE re-
sults. A quantitative comparison of measured and 
predicted transient temperatures at thermocouple 
locations is presented in Fig. 7. The thermocouples 
TC1, TC2 and TC3 show close agreement with the 
FE data. Whereas, thermocouple TC4 shows com-
paratively higher variation of predicted and measured 
temperatures. Overall, the results are within the 
maximum variation of 8% and are reasonably accept-
able. 

Residual stresses are measured at some specified 
points for comparison through the predicted results 

 

 
 
Fig. 6. Butt-weld joint geometry (not to scale). 
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for structural model validation. A center hole drilling 
strain gauge method is used to measure the residual 
hoop and axial stresses at specified locations, i.e., 
points P1 to P3 on cylinder outer surface and P4 to P6 
on cylinder inner surface. Refer to the gauge location 
from P1 to P6 in Fig. 8. The details of the hole drill-
ing residual strain measurement method can be found 
in [23]. A quantitative comparison of residual stresses 
from experiments with predicted data, showing good 
agreement, can be found in Fig. 8. From the qualita-
tive comparison of nodal temperatures and residual 
stresses from Fig. 7 and Fig. 8, it is evident that pre-
dicted results agreed well with the experimental data; 
thus the developed models have been experimentally 
validated. 
 

4. Results and discussion 

4.1 Thermal analysis  

Fig. 9(a-d) shows the temperature distributions for 
four different times during the welding process.  
As anticipated, the peak temperatures are observed at 
the heat source location (i.e., close to WL). Steep tem-
perature gradients are observed ahead of the heat 
source, showing the least significance of heat flow 
ahead of the welding torch. The gradients behind the 
torch show the cooling phenomenon after peak tem-
perature achieved, as the torch moves ahead from 
certain point. Fig. 9(d) shows the temperature distri-
bution when the weldments are cooled to almost uni-
form temperature, followed by some more time steps 
further simulating the cooling phase. 
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Fig. 9. Temperature profiles at four different time steps during 
the welding process. 
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Fig. 10(a-d) shows the axial temperature distribu-
tions for different cross-sections at different time 
steps from the weld start towards the time progress. It 
is clear that the temperature distribution at a section is 
steep as the arc crosses the section, e.g., in case of Fig. 
10(a) the section is located at an angle of 45o from the 
weld start position, i.e., 0o. A welding torch traveling 
at a speed of 3 mm/s around a circumference of 300 x 
π reaches the section after 39.27 s. Hence maximum 
temperature as expected is observed at the torch posi-
tion. The temperature falls slowly as the torch crosses 
the section. A preheating action of the section due to 
the forward heat flow through the torch just before the 
torch arrival at a section is also shown and is more 
dominant in-case for the sections oriented at 225o and 
315o as depicted in Fig. 10(c) and Fig. 10(d), respec-
tively. 

Fig. 11(a-d) shows the transient thermal cycles ex-
perienced by various points at 0 mm, 5 mm and 15 
mm from the WL and at 0o, 90o, 180o and 270o respec-

tively from the weld start position. The thermal cycles 
shows that temperature at a point reaches a peak 
value corresponding to a time when the arc crosses 
the corresponding section. It is also evident from the 
figure that a point nearest to the WL gets heated to a 
maximum extent, while points away from the WL 
experiences peak temperatures which are exponen-
tially lower. Fig. 12 further elaborates on the tempera-
ture distribution by using Goldak’s heat source model. 

 
4.2 Residual stress analysis  

4.2.1 Axial residual stress fields 
For circumferentially welded cylinders, stress nor-

mal to the direction of the weld bead is the axial stress. 
Compressive and tensile axial stress fields are ob-
served in and near the weld region on the outer and 
inner surfaces of the cylinders, respectively. This is 
attributed to different temperature profiles on the 
inner and outer surfaces of the cylinders. Varying 
shrinkage patterns through the wall thickness on the 

                                                              (a)                                                                                                       (b) 
 

                                                              (c)                                                                                                       (d) 
 
Fig. 10. Axial temperature distributions for four different cross-sections at different time steps from the weld start. 
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Fig. 12. Temperature contour plots. 

 
inner and outer surfaces due to different temperature 
gradients; results in tensile and compressive residual 
stress fields on inner and outer surfaces, respectively, 
near the weld line (WL). Fig. 13 shows axial stress 
distributions on the cylinder’s outer surface at differ 
ent cross sections from the weld start position. The 
convention used is that Axial-50 represents the axial 
stress at 50o from the weld start position and so on. 
The compressive residual axial stresses near the WL-
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Fig. 13. Residual axial stresses (MPa) on outer surface at differ-
ent cross sections from the weld start position. 
 
diminish to zero after 17 mm on both sides of the WL. 
Beyond this, a stress reversal from compressive to 
tensile is observed. 

These low magnitude tensile stresses again ap-
proach a zero value almost 68 mm away from the WL. 
After 68 mm from the WL a constant axial stress 
value near to zero is obvious from Fig. 13. The high 
tensile stresses near the WL approach to zero and then 
reverse to lower compressive residual stresses at 17 
mm, again increasing to almost constant value of zero 
at 68 mm on both sides of WL observed for cylinder 

     
(a)                                                      (b) 

 

        

(a)                                                      (b) 
 
Fig. 11. Transient thermal cycles experienced by various points at different cross sections from the weld start position. 
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Fig. 14. Residual axial stresses (MPa) on inner surface at differ-
ent cross sections from the weld start position. 

 
inner surfaces at different cross sections from weld 
start position as shown in Fig. 14. 

The general residual axial stress profile shows close 
analogy with the previous research [5, 8, 10, 12, 13]. 
The variation in magnitude (higher or lower residual 
stresses) in the present research work is attributed to 
the different material properties, i.e., mechanical 
properties like yield strength for base and weld filler 
metals along with other parameters such as weld ge-
ometry and heat source parameters. Some observa-
tions of the significance pertaining to axial stress 
fields from Fig. 13 and Fig. 14 are as follows: 

• Due to symmetry across the WL, the stresses are 
also symmetric. In and around the FZ, the high 
magnitude stress fields, i.e., compressive and ten-
sile for outer and inner surfaces, respectively, are 
observed. 

• Axial stresses are weakly dependent on the 
circumferential location. Fig. 13 and Fig. 14 
clearly reveal that axial residual stresses on outer 
and inner surfaces at four different cross sections 
(50o, 90o, 150o and 250o) are almost of the same 
magnitude and trend. This is in absolute agree-
ment with the previous research [5]. Except the 
weld start and its vicinity, the axial stress around 
the circumferential direction almost has a homo-
geneous distribution. 

• At the outer surface of cylinders near the WL, 
there is a prominent bulge indicating stress varia-
tions beneath the weld crown (refer Fig. 13). 

 
4.2.2 Hoop residual stress fields.  
Stresses parallel to the direction of the weld bead 

are known as hoop stresses. The residual hoop 
stresses are developed due to the radial expansion and 
contraction during the heating and cooling sequence 
of welding process. Residual hoop stress distributions 
for outer and inner surfaces of cylinders along the  
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Fig. 15. Residual hoop stresses (MPa) on outer surface at differ-
ent cross sections from the weld start position. 
 
axial directions in different cross sections from the 
weld start position are shown in Fig. 15 and Fig. 16, 
respectively. On the inner and outer surfaces, in and 
around the vicinity of the WL, large tensile and com-
pressive hoop stresses, respectively, are developed. 
Similar trends for stress reduction and stress reversal 
are observed for hoop residual stresses as for axial 
residual stresses. The trend for the hoop stress also 
agreed well with the previous research [5, 8, 10, 12, 
13]. The quantitative variation is again attributed to 
different welding parameters, heat source parameters 
and material properties in the present and referred 
research work, respectively. Some important aspects 
are as follows: 

• Hoop residual stresses are also symmetric due to 
symmetry across the WL.  

• Near the FZ high tensile stresses (130 MPa on 
outer and 313 MPa on inner surface) are pre-
dicted. Away from the HAZ region (about 17 
mm from WL), both on outer and inner surfaces a 
compressive residual stress of 200 MPa is ob-
served. 

• Hoop stresses are dependent on the circumferen-
tial location from weld start to weld end. From 
Fig. 15 and Fig. 16 it is obvious that hoop resid-
ual stresses on outer and inner surfaces at three 
different cross sections (50o, 90o, and 250o) vary 
in magnitude, with almost similar trend. This is 
also in close agreement with the previous re-
search [5]. 

 
4.2.3 Axial and hoop residual stress fields along 

the circumference 
Comparison of axial and hoop residual stress dis-

tribution for outer and inner surfaces, on a circumfer-
ential path at the WL is shown in Fig. 17. Again, the 
stress profiles are generally in agreement with the 
previous research. Some important observations are: 
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Fig. 16. Residual hoop stresses (MPa) on inner surface at differ-
ent cross sections from the weld start position. 

 

-400

-300

-200

-100

0

100

200

300

400

0 30 60 90 120 150 180 210 240 270 300 330 360

Angle from weld start (o)

St
re

ss
 (M

Pa
)

Hoop-Inner Axial-Inner
Hoop-Outer Axial-Outer

 
 
Fig. 17. Axial and hoop residual stress fields on cylinder outer 
and inner surfaces on a circumferential path at the WL. 

 
• On the outer surface, the low magnitude hoop 

stress (-76 MPa to 77 MPa) remains almost con-
stant. Some exceptions at weld start/end and tack 
weld locations (0o and 180o) are observed. At 
these locations, almost a zero hoop stress is ob-
served. Slight variation in magnitude and trend is 
observed for hoop stresses on the inner surface. 
The stress varies from -70 MPa to 140 MPa, with 
some exceptions on weld start/end and tack weld 
locations. Again, at tack weld locations, stress 
values close to zero are observed. 

• On the outer surface, a compressive axial stress 
profile is shown in Fig. 17. The compressive 
stress varies from 114 MPa to 361 MPa. A low 
magnitude, stable stress profile from weld start to 
weld end with some exceptions in and in vicinity 
of weld start/end and tack locations is observed. 
The significant effects of weld start are observed 
for axial stress on inner surface. Also at tack weld 
points, the effect is prominent. The stress varies 
from -200 MPa to about 340 MPa in magnitude. 
A dip of about 472 MPa and 150 MPa is shown 
at the weld start of 0o and tack weld locations of 
180o respectively. 

  
Fig. 18. Hoop residual stress fields on cylinder outer surface. 
 

  
Fig. 19. Hoop residual stress fields on cylinder inner surface. 

 
4.2.4 Stress contour plots 
From previous discussion it is evident that due to 

weld start/end and tack welds, the residual stress var-
ies significantly along the entire periphery. Fig. 13 
and Fig. 14 for cylinder outer and inner surfaces, re-
spectively, presents axial residual stresses at four 
different cross sections from weld start position at 0o.  
No presentable variation is observed because the data 
shown is away from the weld start/end and tack weld 
orientations. Similarly, slight variation in hoop resid-
ual stress patterns is observed from Fig. 15 and Fig. 
16 for outer and inner surfaces, respectively. Again, 
the data at weld start/end and tack weld location(s) is 
missing in this case. In order to get a better insight of 
the stress variation along the hoop co-ordinates, hoop 
residual stress fields on outer and inner surfaces are 
shown in Fig. 18 and Fig. 19, respectively. 

From Fig. 18, on outer surfaces the stress pattern on 
the whole periphery is strongly affected by the weld 
start/end and tack weld at 180o. Highly fluctuating 
stress patterns along the entire periphery, transverse to 
weld direction (axial direction) are obtained. Pro- 
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Fig. 20. Measured and predicted axial deformation (face tilt) of 
the cylinder face. 
 
nounced localized stress reduction in and around the 
weld start/end and tack weld locations is shown. 
However, these effects are slightly less significant at 
the weld end location. Transverse to weld direction 
and away from the weld line, stress reversal is shown 
along the entire periphery with some exceptions at 
weld start/end and tack weld positions. Hoop residual 
stress fields from Fig. 19 on inner surface reveals that 
the effects of weld start and weld end are not as much 
pronounced as for the cylinder outer surface. How-
ever, the effects of tack weld location at 90o are quite 
significant. Over the entire periphery from weld start 
at 0o to weld end at 360o, hoop residual stress oscil-
lates significantly in the transverse direction on both 
sides of the weld line. Away from the weld, the fluc-
tuation trend is progressively stabilized. 

 
4.3 Distortion analysis 

4.3.1 Axial and radial deflection 
Fig. 20 present the comparative (predicted and ex-

perimentally measured) axial tilt of the restraint-free 
face of the cylinder after the cooling of the weldments. 
Keeping in view the thickness of the cylinder face, it 
was difficult to accurately measure the face tilt of the 
cylinder experimentally.  

With some appropriate arrangements and welded 
cylinders still in the welding positioner, a digital dial 
indicator was precisely positioned at an average di-
ameter of the cylinder (in this case 297 mm) and the 
data was recorded by rotating the positioner. To mini-
mize the data acquisition error, five different readings 
after the tack weld and after cooling of the weldments 
to room temperature were taken. An average value is 
plotted in Fig. 20 for comparison with predicted re-
sults. Axial face tilt ranging from -0.34mm to 
+0.23mm is observed, as the dial indicator tracks the 
face from 0o to 360o. The extent of axial shrinkage is 
dependent on a number of factors includeing welding 
process parameters, tack weld dimensions and orien- 
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Fig. 21. Axial shrinkage at four different sections from the WL 
on cylinder outer surface. 
 
tation. For the welding process parameters and tack 
weld geometry in the present research, the axial 
shrinkage is maximum (0.263 mm) at 78o and axial 
deflection is maximum (0.162 mm) at 330o near the 
weld end. From weld start position at 0º to 150º the 
FE results are under predicted as compared to ex-
perimental data, from 17% to 44% with an average 
under prediction of 24%. From 132º to 359º again 
low predicted results are observed with variation of 
45% to 57% at an average under prediction of 45%. 
Although the variation is a bit on the larger side, the 
results are in good qualitative agreement from weld 
start to weld end. 

Fig. 21 shows the variability in axial shrinkage at 
four different sections from the WL, at cylinder outer 
surface. As the coordinate axis is located on the WL 
(refer Fig. 5), the shrinkage on the restraint-free end is 
shown to be positive. Near the WL (10 mm from weld 
line towards free restraint free end), maximum axial 
shrinkage of 0.17 mm is indicated for axial sections at 
50o and 150o from the weld start position. The axial 
shrinkage decreases away from the WL towards the 
free end to a minimum value of 0.05 mm. Similarly, 
on the constrained end, a maximum axial shrinkage of 
0.2 mm is observed at a distance of ~10 mm from WL 
for all the sections under investigation. The axial 
shrinkage decreases continuously away from the WL 
and a minimum shrinkage of almost zero is shown at 
the restrained end. 
 
5. Conclusions  

Computational methodology and techniques based 
on finite element analysis for the prediction of tem-
perature profiles and subsequent weld-induced resid-
ual stress fields and distortion patterns in GTA 
welded thin-walled cylinders of low carbon steel are 
developed and implemented successfully with close 
correlation to the experimental investigations. De-
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tailed results and discussion pertaining to residual 
stress fields are presented. Further, the author's also 
present some data pertaining to residual deformations. 
The following are the significant conclusions from 
the results presented. 

(1) Along and near the weld line, a high tensile and 
compressive axial residual stresses occurs on the cyl-
inder inner and outer surfaces, respectively. Compres-
sive and tensile axial residual stresses are produced on 
inner and outer surfaces away from the weld line. 
Axial stresses are weakly dependent on the circum-
ferential locations from weld start. With some excep-
tions on weld start and its vicinity, the axial stress 
along the circumferential direction almost has homo-
geneous distributions. Further, on the outer surface 
near the weld line, a prominent bulge indicates stress 
variation beneath the weld crown. 

(2) Hoop residual stresses are sensitive to the angu-
lar location from the weld start position. From Fig. 15 
and Fig. 16 it is evident that hoop residual stresses on 
outer and inner surfaces at three different cross sec-
tions vary significantly in magnitude. Further, the 
stress contour plots in Fig. 18 and Fig. 19 also shows 
significant variation of residual hoop stresses at angu-
lar locations with reference to weld start position. 

(3) On the inner surface, the weld start effect is 
more severe for both axial and hoop stresses and is 
dominant in the weld start direction. A significant 
effect of tacks on the axial stress on the inner surface 
is observed at angular positions of 0° and 180° from 
the weld start point, whereas the effect of tacks on 
hoop stresses is not as prominent. The author has 
concluded that the stress distribution is no more axis-
symmetric for a single pass butt circumferential weld 
with initial tacks. However, if the weld start/end ef-
fects are ignored, hoop stresses are almost uniform. 

(4) Maximum axial and radial deflection is ob-
served near the weld line. The axial shrinkage de-
creases continuously away from the WL and a mini-
mum shrinkage of almost zero is shown at the re-
strained end. However, on the restraint-free end some 
deflection (face tilt) is observed. 
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